that the relation between PHS and grain color is the result of both a direct infl uence of the R genes on dormancyinducing mechanisms and the linkage of the R genes with taVp1 gene (Bailey et al., 1999) , which is related to the embryo mechanisms of dormancy (Groos et al., 2002) .
Seed wetting that occurs after maturation can induce seed germination (King, 1989; King and von WettsteinKnowles, 2000; Mares, 1993) . Mares (1993) found that wheat falling number declined rapidly when only 22 mm of postharvest rainfall was received and that increased rainfall amounts resulted in continuing declines to falling numbers, well below 200 s (300 s is generally considered the lower threshold for quality wheat). Recent work in the midAtlantic region of the United States evaluated 80 cultivars and found average sprouting, as defi ned by Grain Inspection, Packers and Stockyards Administration standards (GIPSA, 2006) , was 16% in a dry year but 69% in a wet year (Grunberg et al., 2002) . Seed wetting is also known to cause seed puffi ng, resulting in lower test weight, and degree of puffi ng is highly correlated with higher α-amylase activity and lower falling number (Gaines et al., 1998) The physical structure of the wheat spike has been reported to aff ect PHS by impacting water uptake and drying. In a study of wheat-by-spelled recombinant inbred cultivars, individuals with a short, blocky spike were reported to be more susceptible to PHS than long, lax spikes (Zanetti et al., 2000) . Awn length and clubshaped spike are also noted by King (1989) as being related to PHS tolerance in wheat. Others have reported that the presence and thickness of epicuticular waxes aff ects water absorption rate and, thus, the likelihood of PHS (King and von Wettstein-Knowles, 2000) .
Environment, and specifi cally temperature during grain fi ll, has a signifi cant eff ect on the dormancy level of developing grains (Mares, 1993) . Lower temperatures during the grain fi ll period resulted in seeds with higher inherent dormancy than those exposed to temperatures of 26°C or more in the Pacifi c Northwest (Reddy et al., 1985) . Similarly, Mares (1993) reported greater dormancy for cultivars exposed to a 26.5°C-8.5°C temperature regime than those exposed to a 35.6°C-17.5°C temperature regime. Other researchers have reported that drought during grain development increases PHS susceptibility of hard white winter wheat (Auld and Paulsen, 2003) . This is in contrast to the observations of Biddulph et al. (2005) , who reported that drought conditions during grain fi ll increased dormancy.
The occurrence of PHS in SRWW is costly to the industry and is becoming more of a concern because of automation in the baking industry. Relatively little information exists concerning PHS and resistance mechanisms in current SRWW cultivars. The objectives of this research were to evaluate methods of screening wheat cultivars for inherent dormancy; quantify inherent postmaturity seed dormancy of current SRWW cultivars; evaluate the eff ect of natural and simulated weathering through wetting and drying cycles on PHS; and evaluate the eff ects of temperature, moisture, and morphological characteristics, collectively, on preharvest sprouting of current wheat cultivars. in 19-cm rows in plots of 4.1 m −2 . Management of the wheat in the experiments followed recommendations from the Virginia Cooperative Extension Service Agronomy Handbook (Brann et al., 2000) .
MATERIALS AND METHODS

Field Experiments
Inherent Dormancy Evaluation
Spikes were hand-harvested at physiological maturity from four replications of 92 cultivars at Warsaw in 2007 and from four replications of 19 cultivars at Blacksburg and Warsaw in 2008. The stem was clipped approximately 3 cm below the spike at physiological maturity, defi ned as the loss of color from the spike and the fi rst 2 mm of stem below the peduncle (Hanft and Wych, 1982) , dried to constant moisture (approximately 7%) in a 35°C forced-air oven, then placed in a −20°C freezer to prevent after-ripening dormancy changes (Nyachiro et al., 2002; Reddy et al., 1985; Yanagisawa et al., 2005) . Spikes were handthreshed to avoid mechanical injury. Twenty-fi ve seeds of each line were placed crease down in a 9-cm petri dish lined with fi lter paper in 8 mL of water. Placing the seeds crease down ensured quick and consistent imbibition. Dishes were placed in dark germination chambers for 14 d at a constant 10°, 20°, or 30°C in 2007 and 10° or 30°C in 2008 . Seeds were evaluated for germination every 12 h for the fi rst 5 d and daily for the remaining 9 d. A weighted germination index adapted from Nyachiro et al. (2002) was calculated, giving a greater weight to cultivars with seeds germinating fi rst (Eq. [1]). WGI = (14*n 1 + 13*n 2 +…+1*n 14 )/N [1] where n = the number of germinated seeds counted daily, N = the number of total seeds, and the integer = the daily weighting factor.
Artifi cial Wetting Effects on Falling Number
Also at physiological maturity, stems were clipped at 15 cm above the soil surface from all trials and placed into bundles of value for each cultivar. Cultivars with similar falling number after fi eld weather were grouped together to better understand interactions with other measured parameters. 
Spike Morphology
Field plots at Warsaw, VA, were measured for head angle, glume tenacity, and awn length at physiological maturity. Three measurements were taken from each replication of each line for a total of 12 measurements per cultivar. Spikes were signifi ed as awnless in the absence of awns. When awns were present, awn length was measured from the top of the head to the tip of the longest awn. Head angle was measured by holding the stem at the base of the head and lining a protractor so that the stem was at 90°. The head was allowed to fall naturally and the angle at which the tip of the wheat head fell was recorded. Glume tenacity was measured as the openness of the glume at the tip of the wheat grain on the center-most spikelet using an electronic caliper.
Statistical Analysis
A mean WGI for each cultivar was generated using PROC GLM of SAS (SAS Institute, 2004) . Mean comparisons using a protected LSD test were made to separate treatment means when F tests indicated that signifi cant diff erences existed (P < 0.05). The range of WGI values from all 92 entries in 2007 were separated into fi ve groups: very low, low, medium, high, and very high based on the LSD. Three cultivars in each group were selected for further study in simulated rainfall and delayed harvest testing. Falling number values obtained from these samples were also subjected to analysis of variance for each fi eld sampling time and for each simulated rainfall wetting cycle. Mean falling number values were similarly generated for all greenhouse and fi eld samplings using PROC GLM of SAS and mean separation performed using a protected LSD test. Because of nonnormal distribution of falling number data (skewed toward the low end of the scale) in 2008, data were arcsine transformed before analysis. Simple correlation analyses were performed with SAS, PROC CORR (SAS Institute, 2004) to evaluate PHS resistance grouping of fi eld-weathered samples on the basis of falling number and falling number measured from the same cultivars after artifi cial wetting. Pearson correlation coeffi cients were considered signifi cant if the probability was signifi cant at P ≤ 0.05. Morphological characteristics of head angle, glume tenacity, and awn length were compared to mean falling number of 2008 grain samples using simple linear regression. Regression was also used to evaluate the relationship between mean falling numbers of PHS resistance groups and mean WGI calculated over site years at both 10 and 30°C.
RESULTS AND DISCUSSION
Delayed Harvest Effects on Falling Number
Daily temperature and rainfall were recorded at each location ( Fig. 1a-c ). There was less than 2 cm of rainfall between physiological maturity and harvest maturity at Warsaw in 2007 (Fig. 1a) . There was considerably more rainfall from 100 spikes. Bundles were dried to constant moisture in a 35°C forced-air oven and placed into a −20°C freezer until tested to prevent after-ripening dormancy changes. On the basis of WGI in 2007, 15 cultivars from the original 92 were selected for further investigation. Cultivars were selected to represent a large range in WGI and a range in maturity with early, moderate, and late heading cultivars included. Four white-seeded cultivars were also included for comparison.
To simulate the eff ect of postmaturity rainfall, stems with spikes intact were placed upright in a PVC pipe "honeycomb" designed to allow spikes to sit upright and simulate fi eld conditions. In 2007, simulated rainfall was applied using an existing greenhouse overhead misting system. Water volume output was calibrated so that the system applied 2.54 cm of water in 20 min to the lowest output area. Treatments consisted of one, two, or three rainfall events, with plants allowed to dry 5 d between rainfall treatments, as this was the long-term volume and frequency for rainfall events in eastern Virginia during wheat maturity and harvest. After the last treatment received simulated rainfall and was allowed to dry for 5 d, all bundles were threshed using a single-head thresher and grain ground to pass a 0.8-mm sieve with a Wiley mill (Thomas Scientifi c, Philadelphia, PA). As a control, one treatment harvested at physiological maturity did not receive simulated rainfall. This treatment was harvested from the fi eld, dried to a constant weight, and similarly processed for falling number analysis using AACC method 56-81B (AACC International, 2000) .
In 2008 stems were once again harvested from the fi eld at physiological maturity with the spike intact and placed in the same PVC device. Water was applied to the spikes with a handheld nozzle calibrated to apply 10.2 cm of water three times daily for 2 d to ensure prolonged wetting of the grains. Five days of drying were allowed following each wetting treatment. The treatments were the same as the previous year's evaluation, which included zero, one, two, and three simulated rainfall events. All samples were similarly processed and analyzed for falling number.
In-Field Weathering Studies
In 2007, 30 spikes were hand-harvested at physiological maturity from each of the four quadrants for each of the 19 selected cultivars. Thirty spikes were also collected at harvest maturity (approximately 12% moisture), 2 wk postharvest maturity, and approximately 1 mo postharvest maturity. In 2008, 30 spikes were hand-harvested at physiological maturity and harvest maturity (estimated 12% moisture content) from the fi rst four replications at each location. Thirty spikes were also hand-harvested at 10 d and 6 wk after harvest maturity from the last four replications (fi ve to eight) at each location. In both years, following hand-harvest, samples were placed in a low temperature (21°C) dryer until a constant moisture was reached, then placed into a −20°C freezer until processing. Each sample was threshed using a single-head thresher, ground to pass a 0.8-mm sieve with a Wiley mill, and analyzed for falling number as previously noted.
Preharvest Sprouting Resistance Grouping
Falling numbers from the fi nal harvests at Blacksburg and Warsaw in 2008 were averaged to generate a mean falling number heading to harvest at both locations in 2008, which resulted in greater diff erences among lines (Fig. 1b and 1c) .
Falling number averaged over 400 s for the mean of all SRWW cultivars at all physiological maturity (PM) harvests (Table 2) . A few cultivars did have falling number below 400 s at the PM harvest at Warsaw and Blacksburg in 2008; however, none were below the threshold of 300 s. The same was true for the white-seeded cultivars (except VA97W375WS), which had a falling number of 191 s at the PM harvest in Blacksburg in 2008. Grain from this sample would have been considered seriously damaged, even before any postmaturity weathering. The lack of rainfall at Warsaw in 2007 explains the existence of high falling number for all SRWW and soft white winter wheat cultivars at the fi nal harvest (Table  2) . While values for some lines like AGS 2060 and Southern States 520 decreased appreciably, by over 60 s in 2007, there would likely be no impact on grain quality. Other researchers have also noted good fl our quality associated with high falling number (Kozmin, 1933) . Greater impact of post-PM rainfall on grain quality was observed for samples from 2008. At over 300 s, falling number for Coker 9553 at Warsaw 2008 was higher than for any other cultivar measured at the fi nal harvest, indicating strong resistance to PHS (Table 2) . Southern States 8309, WB03016G, Southern States 8302, and Vigoro Tribute also all had PM falling number values higher than the remaining group of SRWW cultivars at Warsaw in 2008 (Table  2) . Cayuga is a soft white cultivar with relatively high PHS resistance (Sorrells and Anderson, 1998) , and after delayed harvest the falling number was signifi cantly higher than for the other white cultivars tested ( 
Weighted Germination Index
A large range in dormancy levels, based on WGI, was observed across SRWW cultivars and locations (Table 3) . Mean WGI averaged over cultivars sampled at Warsaw in 2007 was 5846 and 3283 when germinated at 10 and 30°C, respectively (Table 3) . Average WGI for cultivars in the 10°C treatment in 2008 were similar in magnitude to 2007; but at 30°C, WGI at both sites in 2008 averaged less than 1300 compared with over 3000 in 2007 (Table 3) .
Coker 9553 exhibited a very low WGI for 30°C for all three site years, indicating very high dormancy (Table 3) . The very high dormancy characterization for this cultivar is reinforced by the fi nal harvest falling numbers, which were consistently high across site years (Table 2 ). Even at Warsaw in 2008, where over 100 mm of rainfall fell between physiological maturity and fi nal harvest, Coker 9553 maintained a sound falling number. Conversely, some cultivars consistently exhibited a high WGI, indicating very low dormancy. Vigoro 9713 consistently exhibited very high or high WGI in every site year and had average falling numbers of 94 and 65 s at Blacksburg and Warsaw, respectively, in the 2008 fi nal harvest (Table 2) . Nyachiro et al. (2002) also report wheat cultivars with consistently high or low dormancy. This wheat germination index information can potentially be used in cultivar selection by growers and by breeders when selecting parents.
The fact that certain cultivars consistently exhibited the same extreme WGI indicates that this screening method may be used to identify cultivars with very high or low inherent dormancy. Rodriguez et al. (2001) used temperature during the grain fi ll period to form models that predict the PHS resistance of cultivars. In that research, certain cultivars consistently exhibited extreme WGI values across very diverse environments, indicating a strong genetic component infl uencing the WGI. The fi ndings of Rodriguez et al. (2001) are similar to the present research, in that most cultivars did not consistently produce the same WGI when grown in diff erent environments. However, some cultivars exhibit very strong or very weak inherent dormancy, regardless of environment. While WGI cannot act as a concrete characterization of dormancy level across locations and years, it may identify those cultivars most and least likely to experience sprouting.
Preharvest Sprouting Resistance Grouping
Cultivar falling number from fi nal harvest grain samples from both locations (Blacksburg and Warsaw) in 2008 (Table 2) were used to assign PHS resistance groupings (Table 1) . Only one cultivar, Coker 9553, had a mean average falling number of over 250 s (Table 1) . Coker 9553 also consistently exhibited very low or low WGI in our inherent dormancy evaluation over locations and years. Several cultivars, 6 of 15, exhibited intermediate PHS resistance and were placed into high or medium PHS resistance categories (Table 1) . Finally, eight of the SRWW cultivars had falling numbers below 150 s and are considered very low in PHS resistance. Six of these cultivars exhibited falling numbers similar to the white wheats evaluated, all of which fell below 100 s. (Table 2 ).
Red-seeded cultivars ----------------------------------------Falling number, s ----------------------------------------
In an eff ort to evaluate WGI as a method to predict relative cultivar dormancy, the average falling number for each PHS resistance group was compared to the mean WGI of cultivars in each WGI group (Fig. 2) . A strong negative relationship existed for PHS group falling number and WGI determined at both 10 and 30°C. At 10°C, for every second decrease in falling number, WGI was estimated to decrease by 8.8 units, while at 30°C, this decrease was 9.2 units. While the coeffi cient of determination was signifi cant for WGI at both temperatures, there was less range in variability and slightly higher R 2 for the 10°C WGI (Fig. 2) . Walker-Simmons (1988) also concluded that grouping lines based on PHS resistance was valuable and resulted in reliable, consistent patterns.
Artifi cial Wetting
In the 2007 artifi cial wetting study, no signifi cant PHS damage was induced. Falling numbers across cultivars and wetting treatments were well above 350 s, a level at which wheat would be expected to produce acceptable quality fl our (Fig. 3) . This outcome is attributed to the maximum relative humidity inside the greenhouse, which was considerably lower than was observed at Warsaw during the summer of 2007. There were large fl uctuations (ranging between 35 and 90%, with a mean of approximately 70%) in the greenhouse relative humidity. An examination of in-fi eld weathering conditions in Warsaw, VA, for the last 2 wk of June (approximate time of harvest maturity for the area) found that relative humidity usually fl uctuates between 50 and 100% humidity, with a mean of approximately 75 to 80%. It is likely that the water applied to the spikes in the greenhouse evaporated and spikes were not soaked long enough for water to penetrate the seed coat and be imbibed by the seed.
In 2008, before artifi cial wetting, falling numbers were similar for all PHS resistance groups (Fig. 4) . After Table 3 . Mean weighted germination index (WGI) determined at 10 and 30°C for soft red winter wheat (Triticum aestivum L.) and soft white wheat cultivars grown at Warsaw, 2007 and 2008 , and Blacksburg, 2008 one rainfall event there was a signifi cant decrease in falling number for all groups except the very high PHS resistance group. DePauw and McCaig (1991) also concluded that artifi cial wetting is a reliable method to assess PHS resistance and reported diff erences among cultivars. Three groups, medium, low, and very low, all exhibited severe sprouting and falling number below the 250 s cut-off for acceptable fl our quality after this single rainfall event. White-seeded cultivars were particularly aff ected by the initial wetting event, with falling numbers for all cultivars but Cayuga, considered to be a PHS resistant soft white wheat, dropping to 62 s (Fig. 4) . A sharp decline in falling number was observed for the very high and high PHS resistance groups after the second wetting event. However, falling number for the very high and high PHSresistant groups were still signifi cantly higher than the other SRWW categories. Cayuga exhibited a falling number similar to the other soft white cultivars tested after the second wetting event. The large decrease in falling number that occurred between the fi rst and second wetting events for the very high and high PHS resistance groups, illustrates the importance of timely wheat harvest. After wetting event 3, all lines exhibited high levels of sprouting, with falling numbers well below 250 s (Fig. 4) . The very high and high PHS resistance groups maintained signifi cantly higher falling numbers than the other PHS resistance groups, however not to the extent that would ensure no price penalties for poor quality.
The relationship between PHS resistance rank order of cultivars and falling numbers after each artifi cial wetting event in 2007 and 2008 was evaluated to compare the reliability of using artifi cial wetting to estimate fi eld PHS resistance (Table 4) . Preharvest sprouting resistance level consistently correlated with the falling number after each wetting event in both years. Stronger correlations were observed between falling number and wetting event at physiological maturity (no wetting events), after the third wetting event in 2007, and after the second wetting event in 2008 (Table 4) . This is likely because diff erences in falling number among cultivars were most consistent at these timings.
Morphology
Previous research has indicated that head angle, the presence of awns, and strong glume tenacity provide tolerance to reduction in falling number of weathered grain by shedding water and decreasing seed imbibition. The benefi t of identifying morphological traits associated with high falling number after weathering is that these phenotypic traits are easy to select for in traditional breeding programs and would allow for easy introgression of increased PHS resistance. In the current study, head angle, glume tenacity, and awn length did not have a signifi cant impact on grain falling number after fi eld weathering of SRWW cultivars (Table 5) .
CONCLUSIONS
On the basis of WGI, a large range in dormancy levels was observed across SRWW cultivars and test locations. This is likely indicative of the wide range of genetic variation and lack of selection emphasis for this particular trait within SRWW cultivars. Prediction of response of cultivars to weathering and conditions that favor PHS could be estimated, but only for those cultivars with very high or very low seed dormancy. While the WGI did not accurately predict dormancy level of all SRWW cultivars across locations and years, it did identify cultivars most and least likely to experience PHS across environments in Virginia. Preharvest sprouting resistance groupings more accurately predicted the response of cultivars to artifi cial wetting. Cultivars falling into the high and very high PHS resistance groups exhibited falling numbers that were consistently much higher than other groupings. Cultivars in the high and very high groups maintained industry-acceptable falling numbers after the fi rst artifi cial wetting event in 2008. The PHS resistance categories strongly correlated with the 3-yr cultivar mean for WGI at the 10 and 30°C treatments. The PHS resistance categories, coupled with the WGI can help quantify the PHS resistance of many current SRWW cultivars. This information, in turn, can be used by growers to choose cultivars with greater dormancy and resistance to PHS and identify cultivars to avoid if delayed harvest is a potential problem. Coker 9553 was identifi ed as a PHS-resistant cultivar across environments. The large number of low-dormancy and/or low PHS-resistant cultivars suggests a need for increased attention to dormancy and PHS resistance characteristics in SRWW cultivars and for producers to consider PHS resistance when selecting cultivars. The sharp decrease in falling number after only one artifi cial wetting event in 2008 illustrates the need for producers to make timely harvest a priority in farming operations. The morphological characteristics of head angle, glume tenacity, and awn length did not reliably predict PHS resistance and thus will likely not be easily selectable phenotypic traits for breeding for increased resistance to preharvest sprouting. Further knowledge about the mechanisms governing seed dormancy in SRWW cultivars would facilitate breeding for increased PHS resistance. Identifi cation and characterization of genes that control dormancy in SRWW wheat will facilitate breeding for increased seed dormancy and presumably reduced PHS in SRWW.
